The capacitive coupled wireless power transfer (CCWPT) operating at megahertz (MHz) frequency is broadly considered as the promising solution for low power biomedical implants. The class E power amplifier is attractive in MHz range wireless power transfer (WPT) applications due to zero voltage switching (ZVS) and zero voltage derivative switching (ZVDS) properties. The existing design of class E amplifier is investigated only for inductive resonant coupled (IRC) WPT systems; the modelling and optimization of the class E amplifier for CCWPT systems are not deliberated with load variation. Meanwhile, the variations in the coupling distance and load are common in real time applications, which could reduce the power amplifier (PA) efficiency. The purpose of this paper is to model and optimize the class E amplifier for CCWPT systems used in MHz range applications. The analytical model of PA parameters and efficiency are derived to determine the optimal operating conditions. Also, an inductive-capacitive-inductive (LCL) impedance matching network is designed for the robust operation of the PA, which improves the efficiency and maintains required impedance compression. The maximum efficiency of the proposed design reached up to 96.34% at 13.56 MHz and the experimental results are closely matched with the simulation.
Introduction
WPT technology has been widely studied in different applications like electric vehicle charging, consumer electronics charging, radio-frequency identification (RFID) devices, bio implantable devices, and many more [1, 2] . WPT techniques are broadly classified into near field and far field power transfer methods. Near field IRC and near field capacitive coupling methods are primarily investigated in the above mentioned applications [3, 4] . Much research work has addressed the usage of near field IRC in biomedical implants and also some of the implants like pacemaker; chronic implants are available on the market with inductive powering technologies [5, 6] . Even though the IRC method is well studied and established with standards, it has its own set of confinements, like requirements of rigid coil structure, less frequency bandwidth, and distributed electromagnetic fields on the tissue. In order to overcome these confinements of IRC, recently, the CCWPT system was analysed and tested in human 
Capacitive Coupled WPT
The CCWPT schematic diagram is shown in Figure 2a . It uses the displacement current to transfer the energy between the transmitter and receiver plates without any conducting medium. The simple CCWPT circuit is formed with two pairs of conducting plates: supply unit and load. The power transfer capacity of the system depends on the effective capacitance formed between two plates and the operating frequency. The conduction current (Ic) and displacement current (Id) between the plates are
where , , , , , are conductivity of the medium, the area of the plate, the distance between the plates, free space and relative permittivity, and the electric field strength, respectively. In order to increase the power transfer, the displacement current needs to be increased and the conduction current has to be minimized to reduce the power loss in the tissue. This can be obtained by considering the optimum values of , , , and . For the theoretical analysis of the CCWPT system, the equivalent circuit model allows us to determine an optimal tradeoff between different loss and source power. Nevertheless, the tissue properties directly related with its characteristics like thickness and fat content will vary from person to person. The conductor loss due to ohmic resistance 
The CCWPT schematic diagram is shown in Figure 2a . It uses the displacement current to transfer the energy between the transmitter and receiver plates without any conducting medium. The simple CCWPT circuit is formed with two pairs of conducting plates: supply unit and load. The power transfer capacity of the system depends on the effective capacitance formed between two plates and the operating frequency. 
where , , , , , are conductivity of the medium, the area of the plate, the distance between the plates, free space and relative permittivity, and the electric field strength, respectively. In order to increase the power transfer, the displacement current needs to be increased and the conduction current has to be minimized to reduce the power loss in the tissue. This can be obtained by considering the optimum values of , , , and . For the theoretical analysis of the CCWPT system, the equivalent circuit model allows us to determine an optimal tradeoff between different loss and source power. Nevertheless, the tissue properties directly related with its characteristics like thickness and fat content will vary from person to person. The conductor loss due to ohmic resistance The conduction current (I c ) and displacement current (I d ) between the plates are
where σ, A, D, ε 0 , ε r , E are conductivity of the medium, the area of the plate, the distance between the plates, free space and relative permittivity, and the electric field strength, respectively. In order to increase the power transfer, the displacement current needs to be increased and the conduction current has to be minimized to reduce the power loss in the tissue. This can be obtained by considering the optimum values of A, E, D, and ε r . For the theoretical analysis of the CCWPT system, the equivalent circuit model allows us to determine an optimal tradeoff between different loss and source power. Nevertheless, the tissue properties directly related with its characteristics like thickness and fat content will vary from person to person. The conductor loss due to ohmic resistance and plate resistance in the CCWPT system are much smaller than the tissue loss under the MHz operating frequency range. However, for the precise modelling, the conductor loss resistance is considered in series with the tissue resistance to determine the equivalent resistance. Hence, the CCWPT module equivalent circuit can be modeled by considering the equivalent resistance (R T ), lead wires, and plate self-inductance (L self ), as well as the equivalent capacitance between the plates (C eq ) [7] . The equivalent circuit model of the CCWPT module is shown in Figure 2b . Figure 3 shows the class E power amplifier circuit diagram with CCWPT. It consists of the DC power source (V dc ), the Feed choke inductor (L FC ), the metal-oxide-semiconductor field-effect transistor (MOSFET) switch (SW), the shunt capacitance (C P ), the resonant circuit inductance (L s ), the capacitance (C s ), and the capacitive coupling equivalent circuit. and plate resistance in the CCWPT system are much smaller than the tissue loss under the MHz operating frequency range. However, for the precise modelling, the conductor loss resistance is considered in series with the tissue resistance to determine the equivalent resistance. Hence, the CCWPT module equivalent circuit can be modeled by considering the equivalent resistance (RT), lead wires, and plate self-inductance (Lself), as well as the equivalent capacitance between the plates (Ceq) [7] . The equivalent circuit model of the CCWPT module is shown in Figure 2b . Figure 3 shows the class E power amplifier circuit diagram with CCWPT. It consists of the DC power source (Vdc), the Feed choke inductor (LFC), the metal-oxide-semiconductor field-effect transistor (MOSFET) switch (SW), the shunt capacitance (CP), the resonant circuit inductance (Ls), the capacitance (Cs), and the capacitive coupling equivalent circuit. The optimal values of circuit parameters can be derived by considering the following permissible assumptions:
Class E Amplifier with CCWPT

(1) The LFC should be large enough to restrict the alternating current return to the direct current (DC) power supply. (2) The load quality factor (QL) is high enough to maintain the load current as pure sinusoidal. The power amplifier operating at ZVS and ZVDS conditions are given as
where ( ) is the voltage across the switch and the CCWPT circuit is considered as load impedance to the PA, which can be expressed as
Based on the assumption that the load current ( ) that appears across the will be sinusoidal in nature
where , are initial phase shift and load fundamental current amplitude, respectively. Allow the switch to be ON during the first half period, i.e., = (0, 2 ), where is the duty ratio. The voltage across the switch is The optimal values of circuit parameters can be derived by considering the following permissible assumptions:
(1) The L FC should be large enough to restrict the alternating current return to the direct current (DC) power supply. (2) The load quality factor (Q L ) is high enough to maintain the load current as pure sinusoidal. The power amplifier operating at ZVS and ZVDS conditions are given as
.
where v (ωt) is the voltage across the switch and the CCWPT circuit is considered as load impedance to the PA, which can be expressed as
Based on the assumption that the load current i Z (ωt) that appears across the Z L will be sinusoidal in nature 
The voltage across the inductor (v L (ωt)) and voltage across the load (v Z (ωt)) are
The current flowing through the switch i (ωt) and the shunt capacitance i C (ωt) are
The initial value of the current in the inductor at ωt = 0 is i L (ωt) = 0, then from (12)
Substituting (13) for (12), the current flowing through the switch during the ON state is
Considering from 2πδ < ωt ≤ 2π, the switch is turned off, the current flowing through the switch is i (ωt) = 0, and the shunt capacitor current is same as the current in
The linear nonhomogeneous differential form of the above equation is
The general solution of the second order differential Equation (17) in normalized form is
The initial conditions are applied at ωt = 2πδ to determine that the coefficients A 1 and A 2 are given by (20) Energies 2017, 10, 1409 6 of 20
Since the class E amplifier does not have any power consuming elements, then, theoretically, the efficiency of the amplifier for any duty cycle is 100%. The output power can be written as
From Equation (18) the average dc current is given as
From Equation (18), (21), and (22) the shunt capacitor, load impedance, series resonant inductor, and capacitor can be expressed as the function of V dc and P 0
The applied input power can be expressed as the sum of output power and loss (27) Switching loss due to the ON state resistance (R ds ) in the circuit is
The total loss (P loss ) in the circuit is the sum of switching loss (P lsw ), ESR loss of shunt capacitance (P lcp ), choke inductance loss (P lch ), resonant series inductance loss (P lrl ), and capacitance loss (P lrc ). The efficiency of the power amplifier is given by
Since the parasitic resistance of all the elements are assumed to be negligible, the power losses P lcp , P lch , P lrl , P lrc are not considered in the efficiency calculation. The maximum voltage stress across the switch occurs at the zero voltage slope i.e., dv(ωt) dωt = 0 from 2πδ to 2π, and maximum current stress occurs during the period 0 to 2πδ. From (18) and (14), the maximum voltage V smx and current I smx stress are given by
Energies 2017, 10, 1409
The independent parameters V N , ϕ, Q, P 0 , and P loss are expressed in terms of duty ratio δ. The optimal selection of the duty ratio, considering the circuit element values, is the most important task for improving the amplifier efficiency.
Parameter Optimization and Model Verification
In the class E amplifier powered WPT system design the frequency f, load resistance R L , required output power P 0 , and load current I Z are known parameters. Duty ratio δ and shunt capacitance C p are the input parameters required to calculate the unknown parameters from Equations (23)- (25) . It is necessary to consider two constraints while finding the optimized design parameters. Primarily, the amplifier efficiency must be as high as possible to improve the overall efficiency, thereby a reduction in the CCWPT size and the switching voltage should be below the threshold limit to protect the switch from breakdown.
Optimal Parameters Selection
The duty ratio decides the conduction period of the MOSFET, which normally affects the switching loss and the efficiency of the amplifier. The circuit parameters for the different duty ratio values are numerically calculated from Equations (23)- (25) and are shown in Table 1 . In a practical scenario, all the circuit elements must have positive values. If some circuit elements are not realizable, then the adjacent value of the duty ratio can be selected. Table 2 shows the other PA parameters considered for the design. Table 2 . Class E amplifier parameters.
Parameters Values
For different values of duty ratio, the efficiency and the conduction angle of the amplifier are plotted as shown in Figure 4 . The maximum value of the efficiency can reach up to 96.34% for the duty ratio 0.45 and, when δ raises from 0.45 to 1, the PA efficiency reduces from 96.34% to 81.11% and, correspondingly, the conduction angle increases. The decrease in the efficiency from 0.5 to 1 is due to the increase in the conduction loss of the switch (P lsw ), and the nominal voltage across the load raises to a maximum value at 0.45 duty ratio, as shown in Figure 5 . During the ON period, the current through the switch is maximum and the voltage across the switch is zero. In the OFF period the voltage across the switch is high and the current through the switch is zero. So, the maximum current stress occurs for the duty ratio of 0.1 to 0.5 (ON condition) and the maximum voltage stress occurs for the duty ratio of 0.5 to 1 (OFF condition), as shown in Figure 6 . The minimum power loss or switching loss occurs at 0.4 to 0.45 duty ratio, as given in Figure 7 . 
Simulation Verification
Based on the above analytical verification, the circuit parameters are chosen from the Table 1  and Table 2 at 0.45 duty ratio. The class E amplifier with the capacitive coupling equivalent circuit is 
Based on the above analytical verification, the circuit parameters are chosen from the Tables 1 and 2 at 0.45 duty ratio. The class E amplifier with the capacitive coupling equivalent circuit is simulated in Advanced Design System (ADS) software for a different duty ratio, as shown in Figure 8 . The voltage across the load, the switch voltage, and the current agree with the theoretical analysis of the ZVS and ZDS conditions. For the simulation, the parasitic resistance values of shunt capacitance and resonant circuit inductance and capacitance are not considered. As the duty ratio is reduced, glitches in the switch current are increased due to the discharge current from the shunt capacitor and the voltage drop across the switch being reduced. The switch voltage drop (V sw ) for the duty ratio of 0.45 is 1.3 V, whereas for the duty ratio of 0.2 it is reduced to 500 mV. The load voltage and current for the duty ratio of 0.45 are shown in Figure 8e ,f respectively. simulated in Advanced Design System (ADS) software for a different duty ratio, as shown in Figure  8 . The voltage across the load, the switch voltage, and the current agree with the theoretical analysis of the ZVS and ZDS conditions. For the simulation, the parasitic resistance values of shunt capacitance and resonant circuit inductance and capacitance are not considered. As the duty ratio is reduced, glitches in the switch current are increased due to the discharge current from the shunt capacitor and the voltage drop across the switch being reduced. The switch voltage drop (Vsw) for the duty ratio of 0.45 is 1.3 V, whereas for the duty ratio of 0.2 it is reduced to 500 mV. The load voltage and current for the duty ratio of 0.45 are shown in Figure 8e ,f respectively. 
Capacitive Coupling Variation
In the CCWPT system, the size and shape of the plates varies based on the application requirements. The effective capacitance formed between the transmitter (Tx) and receiver (Rx) plates is in the order of a few tens to hundreds of pF. In some of the biomedical devices like capsule endoscope robots, the position of the receiver plates is not constant due to the continuous movement of the robots. The increase in the coupling distance reduces the effective capacitance value formed between the plates and thereby causes a reduction in the load voltage. The sudden variation in the coupling introduces the spikes in the switching voltage and current which could damage the MOSFET. Figure 9 shows the MOSFET voltage, current, and load voltage for the variation of effective capacitance from 0.4 pF, 0.3 pF, and 0.1 pF. At 0.4 pF the designed voltage occurs in the load side and with a further reduction in the effective capacitance value to 0.1 pF, the load voltage is reduced to 3 V. The variation in the coupling distance also causes the impedance matching problem in the PA, 
In the CCWPT system, the size and shape of the plates varies based on the application requirements. The effective capacitance formed between the transmitter (Tx) and receiver (Rx) plates is in the order of a few tens to hundreds of pF. In some of the biomedical devices like capsule endoscope robots, the position of the receiver plates is not constant due to the continuous movement of the robots. The increase in the coupling distance reduces the effective capacitance value formed between the plates and thereby causes a reduction in the load voltage. The sudden variation in the coupling introduces the spikes in the switching voltage and current which could damage the MOSFET. Figure 9 shows the MOSFET voltage, current, and load voltage for the variation of effective capacitance from 0.4 pF, 0.3 pF, and 0.1 pF. At 0.4 pF the designed voltage occurs in the load side and with a further reduction in the effective capacitance value to 0.1 pF, the load voltage is reduced to 3 V. The variation in the coupling distance also causes the impedance matching problem in the PA, which causes the reduction in the maximum power received by the load and the efficiency of the amplifier. which causes the reduction in the maximum power received by the load and the efficiency of the amplifier. 
Load Variation
It is known that the soft switching conditions of the amplifier can be obtained when RL = Ropt. The variation in load causes the deviation in the ZVS condition of class E PA. Figure 10 shows the performance of the PA under different load conditions. The switch voltage and current spikes are increased during the ON and OFF state as the RL values are changed from 13.5 Ω, 16 Ω, and 21 Ω, as shown in Figure 10 . The power dissipation (Pdiss) across the MOSFET is raised from 10 mW to 100 mW and load power is reduced from 5 W to 3.1 W, which can significantly reduce the efficiency of class E PA. The glitches in the switch voltage and current are mainly due to the variation in the duty ratio and the load resistance, as well as the coupling between the plates. The variation on these 
It is known that the soft switching conditions of the amplifier can be obtained when R L = R opt. The variation in load causes the deviation in the ZVS condition of class E PA. Figure 10 shows the performance of the PA under different load conditions. The switch voltage and current spikes are increased during the ON and OFF state as the R L values are changed from 13.5 Ω, 16 Ω, and 21 Ω, as shown in Figure 10 . The power dissipation (P diss ) across the MOSFET is raised from 10 mW to 100 mW and load power is reduced from 5 W to 3.1 W, which can significantly reduce the efficiency of class E PA. The glitches in the switch voltage and current are mainly due to the variation in the duty ratio and the load resistance, as well as the coupling between the plates. The variation on these parameters causes the discharge current from the shunt capacitor to flow through the switch, which increases the glitches in the switch current. parameters causes the discharge current from the shunt capacitor to flow through the switch, which increases the glitches in the switch current.
(g) (h) 
Impedance Matching
A further improvement in PA efficiency under the variations in load and coupling capacitance can be achieved by adding the impedance matching network. Figure 11a shows the LCL circuit model with the class E CCWPT circuit and Figure 11b gives the equivalent circuit model of the LC and LCL compensation network. At first, the frequency response of PA with the LC matching circuit is measured and compared with the LCL matching response; the reflection coefficient gain error in LC is of −12 dB and less than −1 dB in the LCL circuit at 13.56 MHz, as shown in Figure 12 . For further analysis, the LCL network is considered and the parameters of the network can be obtained by 
A further improvement in PA efficiency under the variations in load and coupling capacitance can be achieved by adding the impedance matching network. Figure 11a shows the LCL circuit model with the class E CCWPT circuit and Figure 11b gives the equivalent circuit model of the LC and LCL compensation network. At first, the frequency response of PA with the LC matching circuit is measured and compared with the LCL matching response; the reflection coefficient gain error in LC is of −12 dB and less than −1 dB in the LCL circuit at 13.56 MHz, as shown in Figure 12 . For further analysis, the LCL network is considered and the parameters of the network can be obtained by finding the source (Z 1 ) and load (Z 2 ) impedance for the matching network [30] . 
where , , are the quality factor at the input, the output of T network, and the desired quality factor, respectively, and the variable = . With the desired Q0 from Table 1 Figure 13 shows that the output power and efficiency contours in the smith chart are increasing 
where , , are the quality factor at the input, the output of T network, and the desired quality factor, respectively, and the variable = . With the desired Q0 from Table 1 Figure 13 shows that the output power and efficiency contours in the smith chart are increasing as the load resistance values are increased from 6 Ω to 15 Ω. The PA efficiency is improved with the LCL compensation network to 96.34% for the load variation from 13.5 Ω to 15 Ω, whereas, in case without the impedance matching circuit, the η gets reduced after the optimal load point, as shown in For the LC matching circuit the L 1 and C 1 are
where Q 1 , Q 2 , Q 0 are the quality factor at the input, the output of T network, and the desired quality factor, respectively, and the variable k =
. With the desired Q 0 from Table 1 at δ = 0.45, L 1 , C, and L 2 are estimated as 214 nH, 18.5 pF, and 214 nH, respectively. Figure 13 shows that the output power and efficiency contours in the smith chart are increasing as the load resistance values are increased from 6 Ω to 15 Ω. The PA efficiency is improved with the LCL compensation network to 96.34% for the load variation from 13.5 Ω to 15 Ω, whereas, in case without the impedance matching circuit, the η gets reduced after the optimal load point, as shown in Figure 13a . Also the ZVS and ZCS conditions of the PA are maintained with very minimal loss in the switch. The V sw , I sw , and load voltage for the load resistances values of 13.5 Ω, 16 Ω, and 21 Ω are displayed in Figure 14b 
Capacitance Modelling
The performance of CCWPT is studied by modelling three layers of human tissue consisting of skin, fat, and muscle in Comsol multiphysics software (5.2a, COMSOL Multiphysics Pvt. Ltd, Bengaluru, India). The dimensions, electrical conductivity ( ), dielectric constant ( ) of the tissue 
The performance of CCWPT is studied by modelling three layers of human tissue consisting of skin, fat, and muscle in Comsol multiphysics software (5.2a, COMSOL Multiphysics Pvt. Ltd., Bengaluru, India). The dimensions, electrical conductivity (σ), dielectric constant (ε) of the tissue layers, and capacitive plates are given in Table 3 [26] . Figure 15 shows the schematic diagram of capacitive plates placement in the tissue model. The size of the Tx side plates are chosen to be more than the receiver plates to get better coupling. The 3D modelling of the designed CCWPT system is enclosed with the rectangular shape Gaussian surface and the Tx plates are connected with the cylindrical shape 0.1 mm radius contact wire to the external source. Similarly, the Rx plates are connected through 0.1 mm radius wire to the load circuit. The Tx plates are excited with the AC source of 10 V, 13.56 MHz, and the Rx plates are connected to the load resistance of 13.5 Ω. For meshing and analysis of the designed system, physics-controlled mesh is selected to get a fine mesh size and electric field physics in the frequency domain study is chosen for analysis. Two cases are considered in the simulation; initially, the Rx plates are placed under the muscle and, secondly, the Rx plates are placed under the skin. For the former case, the electric voltage distribution, Electric Normal Field distribution, Electric Displacement Field distribution, and current density in the model are shown in Figure 16 . The Rx plate voltage is reached to 7.6 V with the separation of 40 mm and the electric field strength is of 0.45 × 10 3 V/m, which is much less than the maximum allowed value of 8.3 × 10 3 V/m for the frequency range of 3 kHz to 20 MHz [32] . The Electric displacement field and current density at the Rx plates are 1 × 10 −8 to 2 × 10 −8 C/m 2 and 1.5 A/m 2 , respectively. Normal Field distribution, Electric Displacement Field distribution, and current density in the model are shown in Figure 16 . The Rx plate voltage is reached to 7.6 V with the separation of 40 mm and the electric field strength is of 0.45 × 10 3 V/m, which is much less than the maximum allowed value of 8.3 × 10 3 V/m for the frequency range of 3 kHz to 20 MHz [32] . The Electric displacement field and current density at the Rx plates are 1 × 10 −8 to 2 × 10 −8 C/m 2 and 1.5 A/m 2 , respectively. In the second case, the Rx plates are placed below the skin and above the fat layer, and the electric potential, field strength, displacement field, and current density at the Rx plates are 8.25 V, 0.57 V/m, 2.5 × 10 −8 to 3 × 10 −8 C/m 2 , and 2.2 A/m 2 , respectively. Even though the position of the Rx plates is changed from the bottom of the muscle to the top of the fat layer, there is not much increment observed in the Rx plates voltage. This is due to the properties of skin, which has a larger loss as compared to fat, bone, and muscle; the simulation results are shown in Figure 17 . In both the cases, it is observed that the electric field and current density are within the safe limit as per the standards [32] .
2.5 × 10 −8 to 3 × 10 −8 C/m 2 , and 2.2 A/m 2 , respectively. Even though the position of the Rx plates is changed from the bottom of the muscle to the top of the fat layer, there is not much increment observed in the Rx plates voltage. This is due to the properties of skin, which has a larger loss as compared to fat, bone, and muscle; the simulation results are shown in Figure 17 . In both the cases, it is observed that the electric field and current density are within the safe limit as per the standards [32] . 
Experimental Analysis
To validate the performance of the proposed class E PA with the CCWPT system, the experimental setup has been designed as shown in Figure 18 . The capacitor plates are made up of copper foil and encapsulated with a biocompatible polydimethylsiloxane layer and placed on acrylic board for support as shown in Figure 19 . The Tx and Rx plates dimensions are same as the simulation dimension. In order to test the system with human tissue, a liquid solution is prepared mimicking the human tissue properties. The solution is prepared by following the IEEE standard for human tissue properties with = 46.741 and = 0.68892 S/m at the ISM band using deionized water, salt, and sugar at a ratio of 56.18%, 41.49%, and 2.33% respectively [33] . The solution and capacitive plates are placed in a container made up of acrylic sheet with a dimension of 12 cm × 12 cm × 12 cm, as shown in Figure 18 . The PA is designed with CSD13380F3 12-V N-Channel FemtoFET MOSFET 
To validate the performance of the proposed class E PA with the CCWPT system, the experimental setup has been designed as shown in Figure 18 . The capacitor plates are made up of copper foil and encapsulated with a biocompatible polydimethylsiloxane layer and placed on acrylic board for support as shown in Figure 19 . The Tx and Rx plates dimensions are same as the simulation dimension. In order to test the system with human tissue, a liquid solution is prepared mimicking the human tissue properties. The solution is prepared by following the IEEE standard for human tissue properties with ε r = 46.741 and σ = 0.68892 S/m at the ISM band using deionized water, salt, and sugar at a ratio of 56.18%, 41.49%, and 2.33% respectively [33] . The solution and capacitive plates are placed in a container made up of acrylic sheet with a dimension of 12 cm × 12 cm × 12 cm, as shown in Figure 18 . The PA is designed with CSD13380F3 12-V N-Channel FemtoFET MOSFET (Texas Instruments (TI), Dallas, TX, USA), which have a low on-state resistance of 63 mΩ and a maximum gate to source voltage of 8 V. A high frequency driver of TPS28226 (Texas Instruments (TI)) is used as drive the MOSFET, and the National Instruments virtual bench VB-8014 (National Instruments, Bengaluru, India) is used as the signal generator to trigger the driver circuitry. (Texas Instruments (TI), Dallas, TX, USA), which have a low on-state resistance of 63 mΩ and a maximum gate to source voltage of 8 V. A high frequency driver of TPS28226 (Texas Instruments (TI)) is used as drive the MOSFET, and the National Instruments virtual bench VB-8014 (National Instruments, Bengaluru, India) is used as the signal generator to trigger the driver circuitry. The Rx plates are connected to the movable support and the load of variable resistance; initially, the distance between the plates is fixed at 40 mm and the optimal load resistance at 13.5 Ω. The load voltage and switch voltage (Vsw) are shown in Figure 20a . The peak switch voltage in the MOSFET is 3.5 V, and the Rx plate voltage is 9.1 V with 14% glitches present in Vsw. When the load resistance values are increased to 21 Ω by keeping the same distance between the plates, the Vsw is 2.1 V with 14% glitches during the ON condition and load voltage is reduced to 5 V, as shown in Figure 20b . Next, the distance between the plate capacitance is increased to 60 mm and RL = 13.5 Ω, and the glitches in Vsw are raised up to 18%, as given in Figure 20c . The load voltage and current are measured using the NI VB-8014 digital multimeter (National Instruments, Bengaluru, India) for different load conditions, and the output power is calculated. The maximum experimental efficiency of the proposed model reached 91.34%, and the deviation in the efficiency is because of the wire resistance and practical imperfection in the design of the inductor coil and capacitor plates. The comparison between the simulation and the experimental results is shown in Figure 21 . The Rx plates are connected to the movable support and the load of variable resistance; initially, the distance between the plates is fixed at 40 mm and the optimal load resistance at 13.5 Ω. The load voltage and switch voltage (Vsw) are shown in Figure 20a . The peak switch voltage in the MOSFET is 3.5 V, and the Rx plate voltage is 9.1 V with 14% glitches present in Vsw. When the load resistance values are increased to 21 Ω by keeping the same distance between the plates, the Vsw is 2.1 V with 14% glitches during the ON condition and load voltage is reduced to 5 V, as shown in Figure 20b . Next, the distance between the plate capacitance is increased to 60 mm and RL = 13.5 Ω, and the glitches in Vsw are raised up to 18%, as given in Figure 20c . Figure 20d shows the Vsw and load voltage for the increase in RL and the distance of 21 Ω and 60 mm. In all, the cases of the voltage spikes in the MOSFET are less than the maximum allowed voltage of 8 V, and the ZVS conditions are achieved. The load voltage and current are measured using the NI VB-8014 digital multimeter (National Instruments, Bengaluru, India) for different load conditions, and the output power is calculated. The maximum experimental efficiency of the proposed model reached 91.34%, and the deviation in the efficiency is because of the wire resistance and practical imperfection in the design of the inductor coil and capacitor plates. The comparison between the simulation and the experimental results is shown in Figure 21 . The Rx plates are connected to the movable support and the load of variable resistance; initially, the distance between the plates is fixed at 40 mm and the optimal load resistance at 13.5 Ω. The load voltage and switch voltage (V sw ) are shown in Figure 20a . The peak switch voltage in the MOSFET is 3.5 V, and the Rx plate voltage is 9.1 V with 14% glitches present in V sw . When the load resistance values are increased to 21 Ω by keeping the same distance between the plates, the V sw is 2.1 V with 14% glitches during the ON condition and load voltage is reduced to 5 V, as shown in Figure 20b . Next, the distance between the plate capacitance is increased to 60 mm and R L = 13.5 Ω, and the glitches in V sw are raised up to 18%, as given in Figure 20c . Figure 20d shows the V sw and load voltage for the increase in R L and the distance of 21 Ω and 60 mm. In all, the cases of the voltage spikes in the MOSFET are less than the maximum allowed voltage of 8 V, and the ZVS conditions are achieved.
The load voltage and current are measured using the NI VB-8014 digital multimeter (National Instruments, Bengaluru, India) for different load conditions, and the output power is calculated. The maximum experimental efficiency of the proposed model reached 91.34%, and the deviation in the efficiency is because of the wire resistance and practical imperfection in the design of the inductor coil and capacitor plates. The comparison between the simulation and the experimental results is shown in Figure 21 . 
Conclusions
The design of class E PA for CCWPT systems used in biomedical applications is discussed in this paper. The analytical model of the PA parameters is derived for a different duty ratio and the performance of the PA is analysed by selecting the optimal value of duty ratio. The effects of coupling capacitance variations and load variations are discussed with the optimal duty ratio and a LCL impedance matching circuit is designed to improve the robustness of the PA. Also, the electric field distribution and current density in the human tissue model is studied using the FEM. Based on the simulation analysis, the efficiency of the class E PA with the CCWPT system gives 96.34% at 13.56 MHz, and the experimental results are close to the analytical results. 
The design of class E PA for CCWPT systems used in biomedical applications is discussed in this paper. The analytical model of the PA parameters is derived for a different duty ratio and the performance of the PA is analysed by selecting the optimal value of duty ratio. The effects of coupling capacitance variations and load variations are discussed with the optimal duty ratio and a LCL impedance matching circuit is designed to improve the robustness of the PA. Also, the electric field distribution and current density in the human tissue model is studied using the FEM. Based on the simulation analysis, the efficiency of the class E PA with the CCWPT system gives 96.34% at 13.56 MHz, and the experimental results are close to the analytical results.
